H
uman enterovirus 71 (EV-71) belongs to the Enterovirus genus within the family Picornaviridae. The EV-71 genome is a positive-sense, single-stranded RNA enclosed in an icosahedral capsid assembled from 60 copies of each of the four structural proteins, VP1 to VP4 (1) .
EV-71 infections usually cause mild hand, foot, and mouth disease (HFMD), characterized by the development of fever with rashes on the palms and feet and with oral ulcers (2) . EV-71 also causes severe neurological manifestations, such as aseptic meningitis, brain stem encephalitis, and poliomyelitis-like acute flaccid paralysis (3) . In recent years, EV-71 has emerged as an important cause of epidemic viral encephalitis in Asia, resulting in high fatalities among children below the age of 6 years (3, 4) .
Receptor binding is an essential event during viral infection. The ability to recognize and interact with specific receptors is one of the factors that contribute to the host range and tissue tropism of a virus (5) . To date, at least four EV-71 receptors have been reported. The first receptor to be discovered was the human Pselectin glycoprotein ligand-1 (PSGL-1). PSGL-1 is a sialomucin membrane protein expressed mainly in leukocytes and was hypothesized to facilitate the viremic phase of EV-71 infection (6) . The second receptor reported was the human scavenger receptor class B-2 (SCARB2), a type III double-transmembrane protein located primarily in endosomes but also expressed on the cell surface (7) (8) (9) . Sialylated glycan was also reported as one of the possible receptors for EV-71 infection. Removal of sialic acid residues from plasma membranes was able to protect DLD-1, RD, and SK-N-SH cells from EV-71 infection (10, 11) . Annexin II has recently been identified as another possible receptor for EV-71 in RD cells. Pretreatment of EV-71 with soluble annexin II resulted in reduced viral attachment to the cell surface (12) . However, inhibitors that blocked all of the receptors identified failed to inhibit EV-71 infection completely (13) . This may imply the involvement of one or more EV-71 receptors that have yet to be discovered.
Our previous study identified a novel antiviral peptide, SP40, derived from the VP1 capsid protein (14) . This peptide was found to contain a heparan sulfate-specific glycosaminoglycan (GAG) binding domain (-RRKV-), and the positively charged amino acids were found to be critical for antiviral properties. We postulated that SP40 interacted with heparan sulfate and blocked EV-71 attachment (14) . Similarly, bovine and human lactoferrin exhibited antiviral activities against EV-71 when tested in vitro and in vivo, possibly due to direct interaction with heparan sulfate, resulting in interference with EV-71 binding (15, 16) . In a recent study, heparin and heparan sulfate were reported to exhibit antiviral activities against EV-71 infection (17) . These findings led us to hypothesize that surface heparan sulfate might play an important role in EV-71 attachment.
GAGs are negatively charged linear polysaccharides composed of hexosamine/hexuronic acid repeats. GAGs acquire negative charges through N-and O-sulfation of the carbohydrate moieties (18) . The types of GAG include heparin, heparan sulfate, and chondroitin sulfate. GAG-ligand interactions are complex and are characterized either by merely electrostatic forces or by specific interactions (19) . Many viral pathogens, such as herpes simplex virus (20, 21) , HIV (22, 23) , dengue virus (24), human papillomavirus (25) , vaccinia virus (26), Theiler's murine encephalomyelitis virus (TMEV) (27) , adeno-associated virus type 2 (28, 29) , hepatitis B virus (30) , hepatitis C virus (31), Sindbis virus (32), echovirus (33) , coxsackievirus B3 and A9 (34, 35) , and foot-andmouth disease virus (36, 37) , are known to utilize cell surface heparan sulfate as an attachment or entry receptor.
In the present study, we investigate the role of heparan sulfate in the binding of EV-71 to the surface of rhabdomyosarcoma (RD) cells. We provide evidence that the ability of EV-71 to bind to RD cells was reduced after the enzymatic removal of cell surface heparan sulfate and through the obstruction of heparan sulfate biosynthesis. Our results show that cell surface heparan sulfate, and not chondroitin sulfate, serves as an attachment receptor for EV-71.
MATERIALS AND METHODS
Reagents. Soluble GAGs (heparin sodium salt from porcine intestinal mucosa, chondroitin sulfate sodium salt from shark cartilage, N-acetylde-O-sulfated heparin sodium salt, and de-N-sulfated heparin sodium salt), dextran sulfate sodium salt from Leuconostoc mesenteroides, suramin, heparinase I/II/III from Flavobacterium heparinum, chondroitinase ABC from Proteus vulgaris, and sodium chlorate were all purchased from Sigma. Heparinase I from recombinant Bacteroides thetaiotaomicron was supplied by R&D Systems. An anti-EV-71 monoclonal antibody and poly-D-lysine were purchased from Millipore, and Alexa Fluor 488-labeled anti-mouse IgG was purchased from Invitrogen. Anti-heparan sulfate peptides G1 (LRSRTKIIRIRH) and G2 (MPRRRRIRRRQK) (underlining indicates positively charged amino acids), described previously (38) , were synthesized by Mimotopes Pty Ltd. (Australia) with Ͼ92% purity as determined by high-performance liquid chromatography (HPLC). All the primers and probes were synthesized by IDT.
Cell lines and viruses. All the cell lines used in this experiment were obtained from the American Type Culture Collection (ATCC). Human rhabdomyosarcoma (RD; ATCC no. CCL-136) and Chinese hamster ovary (CHO-K1; ATCC no. CCL-61) cells were grown in Dulbecco's modified Eagle medium (DMEM) (HyClone) supplemented with 10% fetal bovine serum (FBS). Mutant CHO-pgsD677 (ATCC no. CRL-2244) and CHO-pgsA745 (ATCC no. CRL-2242) cells were grown in Kaighn's modification of Ham's F-12 (F-12K) medium (ATCC) supplemented with 10% FBS. All the experiments were carried out using 1.5 ϫ 10 4 RD cells, unless otherwise stated. EV-71 laboratory strains BrCr (GenBank accession number AB204852), 41 (a gift from Tan Eng Lee, Singapore Polytechnic, Singapore) (GenBank accession number AF316321), UH1/ PM/97 (GenBank accession number AM396587), and SHA66/97 (GenBank accession number AM396586) were propagated in RD cells in maintenance medium supplemented with 2% FBS. All the other EV-71 isolates (14716, 35017, 1687413, and 1657640) and the poliovirus (PV) vaccine strain were obtained from the Diagnostic Virology Laboratory, University Malaya Medical Center, Kuala Lumpur, Malaysia. Isolates 14716, 1687413, and 1657640 were all passaged once in tissue culture, while isolate 35017 had been passaged twice. Throughout the study, EV-71 strain 41 was used, unless otherwise stated.
TaqMan quantitative real-time PCR assay. TaqMan quantitative real-time PCR was performed as described previously (14) . Forward primer 5=-GAGCTCTATAGGAGATAGTGTGAGTAGGG-3=, reverse primer 5=-ATGACTGCTCACCTGCGTGTT-3=, and TaqMan probe 5=-6-carboxyfluorescein (FAM)-ACTTACCCA/ZEN/GGCCCTGCCAGCT CC-Iowa Black FQ-3= were used. Viral RNA samples were extracted by using a QIAamp viral RNA minikit (Qiagen, Germany) according to the manufacturer's instructions. The TaqMan real-time reverse transcription (RT)-PCR assay was performed with the StepOnePlus realtime system (ABI) using the TaqMan Fast Virus 1-step master mix (ABI), with cDNA synthesis from RNA by reverse transcription for 5 min at 50°C and subsequent amplification for 40 cycles at 95°C for 3 s and 60°C for 30 s. Inhibition of cellular GAG sulfation by sodium chlorate. Sodium chlorate inhibition experiments were carried out in DMEM supplemented with 10% FBS. RD cells were cultured for 24 h in the presence of sodium chlorate at concentrations ranging from 0 mM to 50 mM, followed by infection using different EV-71 strains at an MOI of 0. , respectively, and various concentrations of the enzymes (50 l/well) were added to RD cells, which were then incubated for 1 h at 37°C. Cells were then washed with the respective digestion buffers and were subsequently infected with EV-71 for 1 h at 4°C. After the incubation, the cells were washed twice with serum-free medium, and infectivity was determined 24 h postinfection by TaqMan real-time RT-PCR.
Evaluation of the role of GAGs and inhibitors in EV-
Binding of EV-71 to GAG-deficient cell lines. RD, CHO-K1, CHOpgsD677, and CHO-pgsA745 cells in chamber slides (Lab-Tek) and CellCarrier-96 plates (Perkin-Elmer) were infected with EV-71 (MOI, 100) at 4°C for an hour. After 1 h of incubation, the inocula were removed and the cells were fixed with 4% formaldehyde. The fixed cells were permeabilized using 0.25% Triton X-100 (Sigma) for 5 min and were subsequently blocked with Image-iT FX signal enhancer (Invitrogen) for 1 h. EV-71 particles were immunostained with mouse anti-EV-71 monoclonal antibodies (Millipore) as the primary antibodies and 1:200-diluted Alexa Fluor 488-labeled anti-mouse IgG (Invitrogen) as the secondary antibody for 1 h at 37°C. For nuclear visualization, cells were treated with 0.01% 4=,6-diamidino-2-phenylindole (DAPI; Sigma) for 7 min at room temperature. Immunofluorescence was detected with a Leica TCS SP5 confocal microscope (Leica Microsystems, Germany). The CellCarrier-96 plate was evaluated using a Cellomics ArrayScan VTI HCS reader with Spot Detector BioApplication software (Thermo Scientific). The data are presented as the total viral spot count per cell (calculated as the total number of fluorescent viral spots divided by the total number of cells in the same field) and were subsequently verified by TaqMan quantitative real-time PCR.
Binding of EV-71 particles to immobilized heparin-Sepharose beads. Six milliliters of EV-71 or PV vaccine strain supernatant was applied to a 1-ml HiTrap Heparin HP column (GE Healthcare, Sweden) previously equilibrated with the binding buffer (0.02 M Tris-HCl, 0.14 M NaCl [pH 7.4]) at a flow rate of approximately 0.5 ml/min. After loading, the column was washed with at least 5 to 10 column volumes of binding buffer. The bound viral particles were eluted using the elution buffer (0.02 M Tris-HCl, 2 M NaCl [pH 7.4]). Fractions of 1 ml were collected and analyzed by TaqMan quantitative real-time PCR and plaque assays for EV-71 and the PV vaccine strain, respectively.
Cytotoxicity analysis. The cytotoxicities of heparin, dextran sulfate, anti-heparan sulfate peptides, and sodium chlorate were determined using the CellTiter 96 AQueous One solution cell proliferation assay reagent (Promega). Briefly, various concentrations of these compounds were added to overnight-cultured RD cells, which were then incubated overnight. Then 20 l of the CellTiter 96 AQueous One solution cell proliferation assay reagent was added to each well. The plate was then analyzed at an absorbance of 490 nm after 2 h of incubation at 37°C.
Three-dimensional crystal structure and sequence analysis. The crystal structure of EV-71 (Protein Data Bank [PDB] identification code 4AED) (39) was obtained from the PDB (http://www.rcsb.org/pdb). The 3-dimensional structure of the EV-71 pentamer was built using the DeepView-Swiss PDB Viewer, version 4.0.4 (Swiss Institute of Bioinformatics) (40) . For sequence analysis, 174 VP1 sequences from different genotypes (41) were downloaded from GenBank (http://www.ncbi.nlm.nih.gov /protein/) and were aligned using ClustalW2 software (http://www.ebi.ac .uk/tools/msa/clustalw2/).
Statistical analysis. The data presented are the means Ϯ standard deviations (SD) obtained from at least two independent biological replicates. Error bars represent the SD. Statistical significance was calculated using the Mann-Whitney test. A P value of Ͻ0.05 was considered statistically significant.
RESULTS

Inhibition of EV-71 infection by heparin, dextran sulfate, and suramin.
To determine whether surface GAGs play a significant role in virus-receptor interactions, various concentrations of different GAGs were preincubated with EV-71 at an MOI of 0.1 for 1 h at 37°C before infection of RD cells. The viral titers were quantified 24 h postinfection by using TaqMan quantitative real-time PCR and plaque assays. Of the two GAGs evaluated, significant inhibition of EV-71 by heparin and chondroitin sulfate was observed only at concentrations above 500 g/ml (Fig. 1A) . The inhibitory effect of heparin was more significant, at 79.4% Ϯ 2.9%, than that of chondroitin sulfate (38.5% Ϯ 6.4%) when they were tested at a concentration of 1,000 g/ml (P Ͻ 0.05). A similar inhibitory trend was observed in the plaque assays (Table 1) .
To further investigate the significance of the carbohydrate backbone for the inhibition of EV-71, polyanionic dextran sulfate (2.3 sulfate groups/glucosyl group) and the polysulfonate pharmaceutical suramin (6.0 sulfate groups/molecule) were used. Previous studies have shown that suramin inhibits viruses such as dengue virus (24) and hepatitis B virus (30) , which bind to cell surface heparan sulfate. Viral inhibition increased with the concentration of the inhibitors tested, and at 1,000 g/ml, the levels of inhibition were 65.8% Ϯ 6.7% for dextran sulfate and 63.4% Ϯ 6.1% for suramin (Table 1) . However, suramin was more effective, since it was able to inhibit EV-71 infection at a concentration as low as 20 g/ml (Fig. 1A) .
Preincubation of RD cells with heparin or dextran sulfate at concentrations from 100 to 1,000 g/ml before viral infection had no inhibitory effect but enhanced virus infectivity. The results demonstrated that the inhibitory effect was due to direct interaction of these compounds with the virus and not with the target cells ( Fig. 1A and B) .
Neutralization of negative charges on cell surfaces reduces EV-71 infection.
To assess the important role of negative charges carried on the cell surface in the binding of EV-71, we preincubated RD cells with poly-D-lysine to neutralize negative charges on cell surfaces before infection. As shown in Fig. 1C , poly-D-lysine strongly decreased the level of EV-71 infection when applied at concentrations from 1 to 5 g/ml. At 5 g/ml, the inhibition was 99.1% Ϯ 0.2%. To ascertain whether the negative charge carried by heparan sulfate present on the cell surface plays a significant role in viral attachment, two anti-heparan sulfate peptides, G1 (LRSRTKIIRIRH) and G2 (MPRRRRIRRRQK), were evaluated for their inhibitory effects. The inhibitory effect of G2 was significant, with viral RNA inhibition of 76.5% Ϯ 26.8% at 1,000 g/ml. The G1 peptide did not inhibit EV-71 infection (Fig. 1C) .
Heparin reduces the infectivity of both laboratory strains and low-passage-number isolates. Heparin at 2,500 g/ml was observed to have inhibitory effects both on the laboratory strains and on the low-passage-number EV-71 isolates tested (Fig. 2) . The inhibitory effects differed between strains. The level of inhibition of the laboratory strains ranged from 61.4% to 98.0%, while that of the low-passage-number isolates ranged from 30.4% to 78.4%. Interestingly, heparin failed to inhibit the PV vaccine strain even when tested at 2,500 g/ml.
N-and O-sulfation on heparan sulfate are critical for EV-71 infection. To establish whether the degree of sulfation of heparin is critical for viral inhibition, different sulfated heparin variants were investigated. Completely desulfated heparin failed to abolish EV-71 infection (Fig. 3A) . In contrast, de-Nsulfated heparin showed moderate inhibition (39.7% Ϯ 15.6%) at 1,000 g/ml, indicating that the degree of sulfation within the GAG carbohydrate structure is functionally important. The inhibition of viral plaque formation by these GAGs and inhibitors is shown in Table 1 .
To further confirm the role of the sulfation of heparan sulfate in EV-71 attachment, we carried out EV-71 infection of RD cells grown in a medium containing 0 to 50 mM sodium chlorate. The growth of cells in the presence of sodium chlorate, which inhibits cellular ATP-sulfurylase, has been shown previously to reduce the extent of sulfation of heparan sulfate by as much as 60%, and cells with such modified cell surfaces have been used to examine the role of GAGs in attachment by other viruses (25, 42) . As shown in Fig. 3B , sodium chlorate was found to reduce the level of EV-71 infection of RD cells significantly, in a dose-dependent manner, with all strains tested. At 50 mM, sodium chlorate inhibited infection with EV-71 strains 41, UH1, SHA66, and BrCr; the percentages of viral RNA inhibition were 92.7% Ϯ 2.7%, 79.0% Ϯ 3.3%, 83.2% Ϯ 4.2%, and 61.5% Ϯ 5.5%, respectively. To rule out the possibility that the reduction in the level of EV-71 infection was due to cytotoxicity, the cytotoxicity of sodium chlorate was evaluated by the commercially available 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay. The data revealed that sodium chlorate has minimal cytotoxicity at 50 mM.
To further confirm that heparan sulfate plays an important role in EV-71 infection, expression of the NDST-1 and EXT-1 genes was transiently knocked down using siRNA. NDST-1 is a heparan sulfate modification enzyme that removes N-acetyl groups from selected N-acetylglucosamine (GlcNAc) residues and replaces them with sulfate groups (43) . EXT-1 is a heparan sulfate polymerase that adds alternating units of glucuronic acid (GlcA) and GlcNAc to the nonreducing end of the chain. As shown in Fig.  3C , transient knockdown of NDST-1 and EXT-1 expression in RD cells significantly reduced the level of EV-71 infection, with percentages of inhibition as high as 80.1% Ϯ 7.7% and 57.2% Ϯ 19.1%, respectively, at 20 nM siRNA. However, the negative-control siRNA was unable to reduce EV-71 infection.
Enzymatic removal of heparan sulfate from the cell surface reduces the levels of EV-71 binding and infection of RD cells. To identify the type of GAG that is responsible for the binding of EV-71 to RD cells, we examined EV-71 binding to cells after enzymatic removal of cell surface GAGs by chondroitinase ABC and heparinase I/II/III digestion. Heparinase I degrades heparin and highly sulfated domains in heparan sulfate, while heparinase II cleaves both heparin and heparan sulfate, and heparinase III specifically degrades heparan sulfate (24) . Treatment of RD cells with each of the heparinases at 2.5 mIU/ml and 5.0 mIU/ml for 1 h at 37°C was found to reduce viral RNA levels and plaque formation significantly (data not shown), in a dose-dependent manner, 24 h postinfection. Treatment of RD cells with heparinases I, II, and III at 5.0 mIU/ml significantly inhibited EV-71 RNA levels by 68.6% Ϯ 6.2%, 91.7% Ϯ 4.1%, and 82.2% Ϯ 11.7%, respectively (Fig. 4A) . Removal of cell surface chondroitin sulfate by chondroitinase ABC failed to inhibit EV-71 infection (Fig. 4A) , even when chondroitinase ABC was tested at concentrations as high as 20 mIU/ml (data not shown). Removal of cell surface heparan sulfate significantly reduced the infectivities of the different EV-71 strains tested, but not that of the PV vaccine strain (Fig. 4B) . Removal of surface heparan sulfate, but not chondroitin sulfate, was found to significantly reduce EV-71 attachment to the surfaces of RD cells (Fig. 4C ).
Significant reduction in the level of EV-71 binding to GAGdeficient CHO cells. CHO cells with defects in the biosynthesis of GAGs have been used extensively to demonstrate the involvement of heparan sulfate as the receptor for the binding of various viruses (29, 30, 33, 42, 44) . Mutant CHO-pgsD677 cells are deficient in N-acetylglucosaminyltransferase and glucuronosyltransferase activities, which are required for heparan sulfate polymerization, and thus completely lack heparan sulfate; these cells also produce levels of chondroitin sulfate 3-to 4-fold higher than those in wildtype CHO-K1 cells (45) . Mutant CHO-pgsA745 cells are deficient in the enzyme UDP-D-xylose:serine-1,3-D-xylosyltransferase, which catalyzes the first sugar transfer reaction in GAG formation, and thus completely lack GAGs (46) . To investigate whether EV-71 binds differently to these cell lines, cells were seeded in CellCarrier-96 plates and chamber slides and were infected with EV-71 at an MOI of 100 for 1 h at 4°C. As shown in Fig. 5A and B, significantly fewer viral particles were attached to CHO-pgsD677 and CHO-pgsA745 cells than to wild-type CHO-K1 cells, which expressed heparan sulfate (P Ͻ 0.001). CHO-pgsD677 and CHOpgsA745 cells showed reduced binding levels of 46.7% and 41.6%, respectively, compared to 100% for CHO-K1 cells. Interestingly, more viral particles were bound to RD cells than to CHO-K1 cells.
Binding of EV-71 to immobilized heparin-Sepharose. To characterize the interaction of EV-71 particles with GAGs, a viruscontaining supernatant was applied to a heparin affinity chromatography column. EV-71 particles bound to immobilized heparin-Sepharose under physiological salt conditions (0.14 M NaCl) and were eluted by 2 M NaCl. The virus titers in each fraction collected were quantified by TaqMan quantitative real-time PCR. As shown in Fig. 6 , most of the EV-71 particles were detected in all the eluates following the application of 2 M NaCl. The EV-71 particles present in eluate 1 were concentrated as much as 4.1-fold. In a control experiment, we used a column packed with Sepharose alone and found no binding of EV-71 particles to the column (data not shown). The results confirm that EV-71 particles bind to heparin and were eluted by high salt concentrations. In contrast to EV-71, the PV vaccine strain did not interact with heparin-Sepharose, and most of the PV particles were detected in the flowthrough fraction (Fig. 6) .
Symmetry clustering of highly conserved amino acids Arg166, Lys242, and Lys244 of VP1 in the EV-71 pentamer structure. To determine the possible heparan sulfate binding site(s) on EV-71 particles, the 3-dimensional crystal structure of EV-71 was built using the DeepView-Swiss PDB viewer (40) . As shown in Fig.  7A , amino acids Arg166, Lys242, and Lys244 are arranged symmetrically in the 5-fold axis of the EV-71 pentamer structure. These amino acids are also located at positions that are highly exposed on the surface of the EV-71 particle (Fig. 7B ). All these amino acids were highly conserved across all EV-71 genotypes except for Lys244, where lysine (K) was replaced by glutamic acid (E) in genotype A (Fig. 7C) . This symmetrically arranged clustering of positively charged amino acids could serve as the binding site for heparan sulfate.
DISCUSSION
Virus receptors may be one of the determinants of virus host range and tissue tropism (5) . Receptors that are known to bind to EV-71 have been identified over the past few years. P-selectin glycoprotein ligand-1 (PSGL-1) was the first to be discovered as the EV-71 receptor. However, PSGL-1 is selectively expressed only in neutrophils, monocytes, and most lymphocytes (6) . The second receptor, reported by Yamayoshi et al. (9) , was human SCARB2, which is expressed on most types of cells (7) . EV-71 binds to the SCARB2 receptor and is then internalized through clathrin-mediated endocytosis (47, 48) . However, blocking of these receptors did not abolish EV-71 infection, and this finding led to the discovery of the third receptor, annexin II. Pretreatment of host cells with an anti-annexin II antibody was found to reduce the level of viral attachment. Preincubation of EV-71 with annexin II also reduced the level of EV-71 infection (12) .
Besides these known receptors for EV-71, sialylated glycans were reported by Yang et al. (11) as receptors for EV-71. Treatment of RD, SK-N-SH, and DLD-1 cells with neuraminidase was found to reduce the ability of EV-71 to bind to the cell surface, confirming that EV-71 utilizes sialylated glycans as attachment factors (10) . We have shown in this study that, in addition to the four receptors published to date, cell surface heparan sulfate is required for EV-71 attachment. The level of EV-71 infection of RD cells was significantly reduced when EV-71 particles were pretreated with soluble heparin, dextran sulfate, or suramin. However, preincubation of RD cells with heparin or dextran sulfate did not inhibit EV-71 infection but unexpectedly enhanced it. This may be caused by the creation of artificial binding sites through accumulation of heparin and dextran sulfate on the surfaces of cells (30, 49) . These findings imply that heparin or dextran sulfate could bind to the positively charged surfaces of viral particles and prevent the interaction of viral particles with the cell surface, as demonstrated for foot-and-mouth disease virus (50) . Removal of cell surface heparan sulfate using each of the heparinases (I, II, and III) also reduced the ability of EV-71 to bind to and infect RD cells, further confirming the important role of heparan sulfate in EV-71 infection. The possible involvement of chondroitin sulfate as a receptor for attachment was excluded based on the evidence that enzymatic removal of chondroitin sulfate did not impair EV-71 infection.
In the present study, we demonstrated that EV-71 can bind to CHO cells. However, CHO cells defective in the biosynthesis of heparan sulfate and chondroitin sulfate exhibited a reduced ability to bind to EV-71, further supporting the role of heparan sulfate in EV-71 infection. While EV-71 could bind to the CHO-K1 cells, no infection was observed, suggesting that EV-71 failed to internalize so as to initiate infection. TMEV GDVII bound to heparan sulfate has been postulated to use protein entry receptors for virus internalization (27) . A similar mechanism could be utilized by EV-71. EV-71 particles bound to heparan sulfate may need to interact with known receptors, such as SCARB2 and sialylated glycan, or with an unknown protein entry receptor, to gain entry into cells. CHO cells, of hamster origin, may have a different SCARB2, since it has been reported that EV-71 binding domains in human SCARB2 and murine SCARB2 are different (51) . In this study, we also showed that EV-71 was still able to bind to the CHO mutant completely lacking in heparan sulfate and chondroitin sulfate, which further suggests that multiple receptors are involved during EV-71 infection. This view is similar to what has been reported for several viruses that use heparan sulfate (27, 52, 53) .
Heparan sulfate is expressed by all cell types. However, heparan sulfate expressed on different types of cells shows variations in structure, with differences in the degrees of sulfation, chain length, and the position of the sulfate group (54) . Our data demonstrated that highly sulfated heparin could inhibit EV-71 infection, whereas decreased sulfation on heparin led to a loss of EV-71 inhibition. Completely desulfated heparin was found to have no inhibitory effect. These findings suggest that structural differences in the heparan sulfate present in different cell types could lead to differences in susceptibility to infection, which may contribute to the selective tropism of EV-71 (37) .
Heparan sulfate binding could arise from adaptation to the cells in which isolates were propagated. Culture adaptations of heparan sulfate usage in picornaviruses (55, 56) , flaviviruses (57) , and alphaviruses (58) have been demonstrated. In vitro cultivation of viruses has been shown to rapidly select amino acid substitutions that increase the net positive charge of the envelope protein (59) . However, the heparan sulfate binding phenotype has also been documented for clinical isolates of the porcine circoviruses (53) and echoviruses (33) . In the present study, we showed that heparin was able to inhibit EV-71 isolates that had been passaged only once in tissue culture, suggesting that heparan sulfate binding phenotypes are not likely to be due to culture adaptation of EV-71. We also provide evidence that heparin failed to inhibit the infection of RD cells with the PV vaccine strain, further strengthening our view that EV-71 binds to heparan sulfate.
Furthermore, we also presented evidence that EV-71 binds to heparin-Sepharose under physiological salt concentrations and that the interaction could be disrupted by high salt concentrations. This finding suggests that EV-71-heparin interactions involve mainly electrostatic charge interactions. Replacement of a single positively charged amino acid with another amino acid is sufficient to retard the heparin binding phenotype in TMEV GDVII and coxsackievirus A9 (27, 34, 60) . Thus, positively charged amino acids on the surfaces of viral particles are critical for the heparin binding phenotype. Sequence analysis of the VP1 capsid protein revealed two possible heparan sulfate mimic binding domains, from residues 120 to 123 (-RRKV-) and residues 241 to 244 (-SKSK-). Interestingly, our previous study has shown that peptides with these heparan sulfate binding domains exhibited significant antiviral activities against EV-71 infection in RD cells (14) , suggesting that the inhibitory effect could have resulted from direct binding to heparan sulfate and blocking of viral attachment. Heparan sulfate-interacting regions could be linear heparan sulfate binding domains, as well as clusters of basic residues that arise as a result of the 3-dimensional structure, as shown for foot-andmouth disease virus and coxsackievirus A9 (34, 50) . With the recently available crystal structure of EV-71, the electrostatic surface of EV-71 was determined (61) . A few conserved positively charged amino acids (Arg166, Lys242, and Lys244) were clustered symmetrically at the 5-fold axis of the EV-71 pentamer. The linear arrangement of these amino acids in the cluster could also be significant for the interactions. These amino acids were also located on the surfaces of EV-71 particles. These findings suggest that the interaction could be due to the electrostatic interactions between these clusters of basic amino acids arranged in a 3-dimensional array on the virions and concentrated negative charges on the sulfated heparan sulfate chain.
In this study, we have shown that EV-71 particles utilized cell surface heparan sulfate as an attachment receptor. Although the exact mechanism of interaction of EV-71 particles with negatively charged heparan sulfate on the cell surface remains unclear, determination of the molecular basis of the virus-receptor interaction in target cells will be useful for understanding the pathogenicity of EV-71 and for the development of antiviral agents against EV-71.
